The objective of this study was to characterise the physical and chemical properties of human faecal sludge from various pit latrines in relation to the differences in usage and management practices of each pit over time. Physico-chemical parameters were measured from the sludge collected from the top layers of six different pit latrines that were sampled six times at an interval of 40 days. Data were also collected on pit user habits and management practices. Multivariate statistical analyses were carried out to determine the variations in sludge physico-chemical characteristics among the pits and the associations between these and user habits and management practices. The results showed that the sludge characteristics from the six pits were significantly different from each other (global test sample statistic (R): 0.862 and p < 0.002). This study also indicated that user habits were important determinants of pit sludge characteristics. This study scientifically contributes to knowledge on how pit management and usage practices determine the potential value and quality of pit latrine sludge for various anaerobic digestion applications for resource recovery. The findings also contribute the knowledge required for the management and treatment of pit latrine sludge, adoption and adaptation of new treatment technologies for local use.
INTRODUCTION
different sites which can be costly and, subsequently, the need for disposal of pit latrine contents once full.
One typical area that uses pit latrines in Zimbabwe is Shackleton in Chinhoyi, Mashonaland West Province, which was once a mining and smelting settlement for gold and copper.
During the mining era, workers used centralised sanitation facilities which are now derelict due to lack of maintenance.
The mine was closed due to operational challenges leading to loss of jobs for the majority of people. Former workers' houses were abandoned. When there was an outbreak of cholera in the Tombstone and Bere peri-urban areas of Chinhoyi in the year 2000, families were relocated to Shackleton by the government to occupy the former mine workers' houses.
Currently, Shackleton is a low income community with an average of eight adults (above 16 years) per household. Most residents do not have formal employment but depend on part-time work at nearby farms for survival. There is also another group which depends on illegal mining in areas around Shackleton.
In order to improve sanitation in Shackleton, the current residents have constructed different types of pit latrines (Figure 1 ).
Periodically, pits fill up and due to the limited sizes of the residential dwellings (<200 m 2 ) residents often find it challenging to look for an alternative space to construct new ones. There are also no provisions for a pit-emptying system in Shackleton.
Given that pit latrines will at some stage fill up and become a hazard to human health and the environment, a management system is required for the collection, transport, treatment, end use, and disposal of the faecal sludge from onsite systems (Bassan et al. ) . The design, collection, transportation, treatment, end use and disposal of the faecal sludge from onsite systems requires accurate data on faecal sludge characteristics to properly size and select treatment technologies and operational parameters (Bassan et al. ) . A number of previous studies have been done to characterise the physical and chemical characteristics of sludge from various pit latrines over space (Bakare et al. ; Gudda et al. ) and time (Bassan et al. ) . These studies indicated that the characterisation of pit latrine sludge varies according to site and depth, characterisation over time showed that the characteristics were highly variable during both the dry or rainy seasons, and this high variability resulted in similar characteristics for faecal sludge collected during the dry and rainy seasons.
The characteristics of faecal sludge also depend on the design and construction of the sanitation technology and how the technology is used. All of these variables may result in significant differences in faecal sludge characteristics (Niwagaba et al. ). Due to this variability, it is important to consider the effect of local pit management practices, construction and user habits on the characteristics of pit latrine sludge.
Despite being the main onsite faecal management technology in rural and peri-urban settlements in Zimbabwe, there is limited detailed information on the characteristics of pit latrine sludge, which is important for making decisions on the design or adoption of a technology for local use in management of pit latrine sludge. The relationships between user habits and some physico-chemical properties of pit latrine sludge can also help in the management and treatment of pit latrine sludge. This research was conducted to determine the physical and chemical characteristics of sludge in selected pit latrines and to establish the relationships between those characteristics, user habits and pit latrine management over time.
METHODS

Study site
The study site is Shackelton Data were collected on number of pit latrine users, diet, material added to pit latrines, anal cleansing material and pit management practices using a template (Table A1 , () found that there was significant variation in faecal sludge characteristics across pits. In our study, the clusters of pits identified also had distinct subgroups showing how the same pit sampled over time could have different characteristics even though it remains unique from other pits.
The SIMPER analysis was used to identify the variables that characterised each cluster (based on similarities) and also those variables that discriminated between each pair of clusters (based on major differences). The variables TS, VS, COD, K and Ca contributed the most to within cluster similarity in all clusters while pH, P, Mg and Na contributed the most to the within cluster variability. COD, TS, VS, N and P were the important contributors to the between group dissimilarity.
Sources of variability in the pit latrine sludge
Using PCA analysis, the first, second and third principal components accounted for 31.5%, 22.3% (Figures 7 and 8 ) and 15.3% of the variation in the data set, respectively. The sludge from pit 4 (cluster 3) was characterised by high levels of TS, COD, VS and BOD and pits 1 and 2 (cluster 1) had high levels of P, Na and N. The sludge from pits 3, 5 and 6 (clusters 2 and 4) had high levels of Ca, K and Mg (Figures 7 and 8 ).
Association between user habits, pit management and sludge characteristics CCA was used to determine the relationships between the physicochemical characteristics of the pit latrine sludge and user habits. The high COD, BOD, TS and VS in pit 4
was associated with the use of newspapers and shelled maize cobs for anal cleansing. This pit also had a tent covering around the pit. The high levels of N and P in pits 1 and 2
were associated with the use of extraneous material such as kitchen waste. These pits were covered with thatching grass with some of the thatching grass falling in the pit. The high concentrations of Mg, Ca and K in pits 5 and 6 were associated with the addition of ash in the pits (Figure 9 ). Wood ash Cluster 1-pit 1 and 2 sludge; cluster 2-pit 3 sludge. 0.932
Cluster 1-pit 1 and 2 sludge; cluster 3-pit 4 sludge. 0.947
Cluster 1-pit 1 and 2 sludge: cluster 4-pit 5 and 6 sludge. 0.847
Cluster 2-pit 3 sludge; cluster 3-pit 4 sludge. 0.832
Cluster 2-pit 3 sludge; cluster 4-pit 5 and 6 sludge. 0.84
Cluster 3-pit 4 sludge; cluster 4-pit 5 and 6 sludge. 0.873 has been reported to be a major source of alkalinity, and is composed of macronutrients Ca, K, Mg and P.
Relationship between diet and environmental characteristics According to Rose et al. () , human diet is also a factor that can impact the composition of faeces. In this study, we could not establish conclusive associations between diet and sludge characteristics.
Our analysis when considering descriptive data of the physico-chemical properties showed that the sludge from all the pit latrines (1-6) had high strength properties (Table A2 , available with the online version of this paper)
according to standard classification of sludge samples (Strauss et al. ) . This property could be explained by the fact that samples were from pit latrines without connection to water sources, thus resulting in high strength sludge.
Biodegradability potential of the pit latrine sludge is relatively high in half of the pits (pits 4-6) and relatively low in pits 1 to 3 as indicated by a BOD:COD ratio closer to 3 and greater than 3, respectively (Table A2 ). The pit latrine sludge of pits 4 to 6 was highly biodegradable, indicating potential treatment and resource recovery from the pit latrine sludge through processes such as anaerobic digestion. The low biodegradability of pits 1 to 3 could be because of the addition of other solid waste, such as kitchen waste, which is shown to be added by the pit latrine users of pits 1 to 3 (Figure 9 ). Gudda et al. () stated that household disposal of solid waste into the pit latrine vaults lowers biodegradability of faecal sludge by increasing organic load.
The BOD values of the sludge characterised from pits 1 to 6 (Table A2) 
CONCLUSIONS
In this study we have shown that within a given site every pit latrine is unique in its physico-chemical properties and maintains specific characteristics that distinguish it from other pits over time due to the consistency in user habits and pit management practices. The values of the sludge physico-chemical characteristics (N, P, COD, VS and BOD) reported in this study were generally high as compared to those reported in other geographic regions. The pit latrine faecal sludge showed potential biodegradability with processes such as anaerobic digestion and contains nutrients that can potentially be useful for crop production. However, there is a need to explore appropriate onsite treatment technologies prior to resource recovery for agricultural reuse and disposal into the environment to reduce potential for pollution.
